1272 Biophysical Journal Volume 65 September 1993 1272-1282

Cytoplasmic Viscosity Near the Cell Plasma Membrane: Measurement by
Evanescent Field Frequency-Domain Microfluorimetry
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ABSTRACT The purpose of this study was to determine whether the unique physical milieu just beneath the cell plasma
membrane influences the rheology of fiuid-phase cytoplasm. Cytoplasmic viscosity was evaluated from the picosecond rotation
of the small fluorophore 2',7’-bis-(2-carboxyethyl)-5-carboxyfluorescein (BCECF) by parallel-acquisition Fourier transform mi-
crofluorimetry (Fushimi and Verkman, 1991). Information about viscosity within <200 nm of cell plasma membranes was
obtained by selective excitation of fluorophores in an evanescent field created by total internal reflection (TIR) of impulse-
modulated s-plane-polarized laser illumination (488 nm) at a glass-aqueous interface. Measurements of fluorescence lifetime
and time-resolved anisotropy were carried out in solutions containing fluorescein or BCECF at known viscosities, and monolayers
of BCECF-labeled Swiss 3T3 fibroblasts and Madin-Darby canine kidney (MDCK) cells. Specific concerns associated with
time-resolved fluorescence measurements in the evanescent field were examined theoretically and/or experimentally, including
variations in lifetime due to fluorophore proximity to the interface, and the use of s and p polarized excitation. In fluorescein
solutions excited with s-plane polarized light, there was a 5-10% decrease in fluorescein lifetime with TIR compared to trans
(subcritical) illumination, but no change in rotational correlation time (~98 ps/cP). Intracellular BCECF had a single lifetime of
3.7 = 0.1 ns near the cell plasma membrane. Apparent fluid-phase viscosity near the cell plasma membrane was 1.1 £ 0.2
cP (fibroblast) and 1.0 = 0.2 cP (MDCK), not significantly different from the viscosity measured in bulk cytoplasm far from the
plasma membrane. The results establish the methodology for time-resolved microfluorimetric measurement of polarization in
the evanescent field and demonstrate that the cell plasma membrane has little effect on the fluid-phase viscosity of adjacent

cytoplasm.

INTRODUCTION

The aqueous compartment of cell cytoplasm consists of a
complex array of organized macromolecular structures, in-
cluding skeletal elements and organelles, and dissolved small
(e.g., ions, amino acids, nucleotides) and large (e.g., proteins)
solutes (Fulton, 1982; Clegg, 1984; Porter, 1984). The “fluid-
phase” cytoplasmic viscosity, defined as the viscosity sensed
by a small probe molecule which does not interact with in-
tracellular macromolecular structures, is an important deter-
minant of the kinetics of chemical and enzymatic reactions
and solute transport. Recent data indicate that fluid-phase
viscosity is an important quantity in the determination of
translational diffusion of small polar solutes (Kao et al,,
1993). The fluid-phase cytoplasmic viscosity has been es-
timated by a variety of biophysical techniques, including
tracer diffusion, fluorescence photobleaching recovery, elec-
tron spin resonance, and steady state fluorescence anisotropy
(Lepock et al., 1983; Mastro and Keith, 1984; Luby-Phelps
et al., 1986; Dix and Verkman, 1990). Values from ~2 cP to
>100 cP (water is 1 cP) have been reported for probe mol-
ecules of different sizes and properties. These values provide
an upper limit to the fluid-phase viscosity, because they con-
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tain additional contributions from probe binding to and col-
lisions with cytoplasmic structures.

We introduced an approach recently to estimate fluid-
phase cytoplasmic viscosity from the picosecond rotational
motion of small fluorophores dissolved in the cytoplasmic
compartment of living cells (Fushimi and Verkman, 1991).
Multicomponent analysis of time-resolved anisotropy pro-
vided information about the rotation of unbound and bound
probe; rotation of unbound probe, which was not influenced
by binding and collisional interactions, provided direct in-
formation about cytoplasmic viscosity. In fibroblasts and
several types of epithelial cells, fluid-phase viscosity was
1.1-1.5 cP, not much higher than that of water (1 cP) (Peria-
samy et al., 1992). Recent measurements of cytoplasmic vis-
cosity in CV1 and PtK; cells by a novel ratiometric method
supported the conclusion that fluid-phase viscosity in bulk
cytoplasm is similar to that of water (Luby-Phelps et al.,
1993). In fibroblasts, fluid-phase viscosity was weakly
temperature-dependent (Arrhenius activation energy 3-5
kcal/mol) and nearly independent of cell volume (Fushimi
and Verkman, 1991). In MDCK cells grown in isosmotic
media, fluid-phase viscosity was near 1 cP, but increased by
40% in response to physiological accumulation of osmolytes
upon adaptation to hyperosmolality (Periasamy et al., 1992).
The sea urchin egg, a cell thought classically to have a dense
cytoplasm, had a higher fluid-phase viscosity of 2.3 cP
(Periasamy et al., 1991).

The fluid-phase viscosity is sensitive to the amounts of
dissolved organic solutes and the physical state of water. The
aqueous compartment just beneath cell membranes provides
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a unique physical environment because of the protein-lipid
interface, the high concentration of charges and counter ions
(required to maintain electroneutrality), and the high density
of skeletal protein (Parsegian and Rau, 1984). It has been
proposed that the cytoplasm adjacent to cell plasma mem-
branes may have very different solute composition and
physical state than “bulk” water, and that localized submem-
brane signaling mechanisms may exist (Ausiello et al,
1987). Analysis of the physical state of the aqueous com-
partment adjacent to cell plasma membrane is made difficult
by the limited z resolution of widefield or confocal optics
(>600 nm).

We report here the application of evanescent field exci-
tation (by total internal reflection) to measure the physical
state of cell cytoplasm just beneath the plasma membrane.
Time-resolved anisotropy of a small polar fluorophore was
measured by frequency-domain microfluorimetry. An impor-
tant component of this study was the development and vali-
dation of methodology for measurement of lifetime and
anisotropy decay by excitation of fluorophores in the eva-
nescent field in living cells. The methods were then applied
to compare the physical state of membrane-adjacent and bulk
water in a nonepithelial (Swiss 3T3 fibroblast) and an epi-
thelial (MDCK) cell type.

METHODS
Cell culture and fluorescence labeling

Swiss 3T3 fibroblasts (CL-101; American type Culture Collection, Rock-
ville, MD) were grown on 18-mm-diameter glass coverslips in DME-H21
medium supplemented with 5% bovine calf serum, 100 units/ml penicillin,
and 100 pg/ml streptomycin. Madin-Darby canine kidney (MDCK) cells
(passages 54—60, UCSF Cell Culture Facility) were grown in DME medium
supplemented with 10% fetal calf serum and antibiotics as above. Cells were
maintained at 37°C in a 95% air/5% CO, incubator and used 2-4 days after
plating. Cells were loaded with 2',7’-bis-(2-carboxyethyl)-5-carboxy-
fluorescein, acetoxymethyl ester (BCECF-AM) by a 10-min incubation with
10 uM BCECF-AM (Molecular Probes, Junction City, OR) in the culture
medium. Cells were washed and bathed in Hanks’ balanced salt solution
(HBSS) after loading.

Instrumentation

An instrument schematic is shown in Fig. 1. The output of a 4-watt argon
ion laser (488 nm) was attenuated and impulse-modulated at a 5-MHz rep-
etition rate using a Pockels cell. The modulated beam was initially polarized
along the z axis. A fraction of the beam (~5%) was split by a quartz coverslip
for a reference signal (PMT 2). After reflections by two mirrors (mounted
on two-axis micropositioners) the beam was polarized along the y axis. The
beam was steered onto the sample through a cubic glass prism to give an
s-polarized configuration. No dichroic mirror was used. In some experi-
ments, the polarization of the excitation beam was rotated by 90° using a
488-nm A/2-quartz plate (Melles-Griot) to give p-polarized excitation. In-
cident angles were calculated from the geometry of the optical configura-
tion. Refractive indices of the prism (n488 nm = 1.522) and coverslip (7488 nm
= 1.530) were used to calculate the incident angle at the glass:water in-
terface. The unfocused laser beam produced an elliptical spot (1.5-mm wide
X 3-mm long) in the sample plane. In some experiments, the excitation beam
was focused by a lens (40-cm focal length) to produce a 0.6-mm-wide X
1-mm-long spot. The sample and prism were positioned on the x, y trans-
lation stage of a Nikon inverted microscope.
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FIGURE 1 Schematic of apparatus for time-resolved TIR microfluorim-
etry. The beam produced by an argon laser is modulated by a Pockels cell
and split to provide a reference beam at photomultiplier, PMT 2. The beam
is directed to the cell sample through a cubic glass prism at a specified angle
of incidence. Emitted fluorescence passes through the microscope objective,
barrier filter, and analyzing polarizer to photomultiplier, PMT 1. Phase and
modulation data are obtained by multifrequency cross-correlation detection.
See text for details.

Cells (facing downward) were “sandwiched” between the coverslip on
which they were grown and a second larger coverslip. A 140-pm thick layer
of HBSS was maintained between the coverslips by spacers. Optical contact
between the glass TIR prism (BK-7 type glass, refractive index nsgo nmy =
1.517) and the coverslip was made with immersion oil (7589 nm = 1.518).
In some experiments, the TIR prism was removed for direct (“trans”) sample
excitation, or the incident beam was directed along the optical axis of the
microscope for conventional epi-illumination (Verkman et al., 1991).
Sample fluorescence was collected by an objective lens (Leitz 40 X, 0.65
N.A. quartz-glycerol; or Leitz 25 X, 0.35 N.A. glass-air), passed through
a barrier filter (Schott glass OG 515) and Glan-Thompson calcite-analyzing
polarizer, and detected by a photomultiplier (PMT 1, Hamamatsu R3896).
The analyzing polarizer could be rotated by 90°. For s-polarized excitation,
the polarizer was rotated between parallel (y axis) and perpendicular (x axis)
orientations for measurement of anisotropy decay; the polarizer was set to
the “magic” angle (54.7° from the y axis) for measurement of lifetime.
Depolarization of emitted fluorescence by the objectives used in this study
was insignificant as confirmed by the independence of time-resolved anisot-
ropy measured using the N.A. 0.65 and 0.35 objectives.

The multiharmonic detector shown in Fig. 1 consisted of components of
a Fourier transform fluorimeter (48000 MHF, SLM Instruments Inc., Ur-
bana, IL). Alow frequency (7.29 Hz) replica of the nanosecond time-domain
signal was obtained by parallel cross-correlation detection for direct analog-
to-digital conversion and fast Fourier transform to the frequency-domain
(Periasamy et al., 1991). Analysis of lifetime and time-resolved anisotropy
were performed by a comparative approach. Generally four to five pairs of
measurements (each acquisition, 3-10 s) were obtained, comparing sampie
and reference (fluorescein in 0.1 N NaOH, lifetime 4.0 ns) for measurement
of lifetime, and parallel and perpendicular orientations of the analyzing
polarizer for measurement of anisotropy decay. The phase-modulation data
consisted of phase angles and modulation ratios at 40 discrete, equally
spaced modulation frequencies (5—200 MHz). Other details of the data ac-
quisition and analysis routines were described previously (Verkman et al.,
1991). Anisotropy decay measurements required the inclusion of a geo-
metric factor (generally ~1.05) to correct for the differential detection of
parallel versus perpendicular emission polarization (Fushimi et al., 1990).
The geometric factor was determined using a dilute solution of fluorescein
in 0.1 N NaOH which has a single rotational correlation time of 110 ps.
Modulation ratio values at each frequency were divided by the geometric
factor. Median phase and modulation values for paired data were analyzed
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by nonlinear least-squares for determination of lifetimes and rotational cor-
relation times (Periasamy et al., 1991). Time-resolved anisotropy, r(t), in
cells was described by two rotational correlation times (71 and 75.) and
a fractional anisotropy loss (f,), as given by r() = ry[fie " +
(1 — f,)e™"™] where r, is the anisotropy in the absence of depolarizing
rotations (0.392 for BCECF).

Image analysis

To record cell images, the photomultiplier was replaced by a silicon-
intensified target camera (SIT66; Dage-MTI Inc., Michigan City, IN) op-
erated at fixed gain. Fluorescence was collected by a 40 X objective (Nikon,
0.55 N.A,, long working distance). Eight-bit, 512 X 512-pixel images were
digitized by a frame grabber (DT2861; Data Translation, Marlboro, MA) and
numerical processing board (DT2858) in an 80486 PC computer. Gain and
zero offset were adjusted to maintain pixel intensities in the linear response
range of the camera. Images were hard-copied by a Seikosha VP1500 video
printer (Seikosha America Inc., Mahwah, NJ).

RESULTS
Lifetime determination in the evanescent field

In the experimental measurements reported here, an evanes-
cent field is produced by total internal reflection (TIR) at a
dielectric (glass, n4gg nm = 1.530) interface to excite fluoro-
phores in an aqueous environment (f4ggnm = 1.337)
beyond the interface. Certain unique properties of the eva-
nescent field influence time-resolved fluorescence measure-
ments made by TIR illumination. Drexhage (1970) reported
that fluorophore proximity to a dielectric interface influences
the decay time. This phenomenon, here referred to as “far-
field effect,” arises from constructive and destructive inter-
ference between direct fluorescence and fluorescence re-
flected from the dielectric interface. This far-field effect
gives rise to a dependence of fluorescence intensity on flu-
orophore distance, z, from the interface, causing variations
in dissipated power (with corresponding inverse variations in
fluorescence lifetime). For a fluorophore very close to an
interface, (z < emission wavelength), power dissipation is
subject to a second phenomenon called the “near-field effect”
(Hellen and Axelrod, 1987; Lukosz and Kunz, 1977; Chance
et al.,, 1978). An excited fluorophore emits an evanescent
field with an amplitude that decays exponentially with dis-
tance from the fluorophore. If the field extends to an interface
having a more optically dense medium (higher refractive
index), it is transmitted as a plane-propagating wave into the
denser medium at supercritical angles (Born and Wolf,
1970). This additional power dissipation into the denser me-
dium varies inversely with fluorophore distance from the
interface and shortens the fluorescence lifetime.

Near and far field effects are combined to calculate power
dissipation (P,(2), P,(2), P,(z)) from excited dipoles oriented
along the x, y, or z axes with the interface in the x, y plane
(see Appendix; Eqs. A1-A3, Fig. 6 and Fig. 2 A). In Fig. 2
A, dissipated power for fluorescein (emission A = 531 nm)
at a distance, z, from a glass:water interface is shown relative
to dissipated power in the absence of the dielectric. The
“near-field effect” has the dominant impact on power dis-
sipation (and fluorescence lifetime) very close to the inter-
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FIGURE 2 Fluorescence lifetime decay near a glass-aqueous interface.
(A) Ratio of radiated power for a fluorophore positioned at a distance z
beyond a glass (n = 1.530):water (n = 1.337) interface to that of the same
fluorophore in the absence of an interface. Relative power was calculated
by Eqgs. A1-A3. P(z), P,(z), and P(z) designate the relative power dis-
sipated from fluorophores oriented along the x, y, or z axis (see Fig. 6). (B)
Ratio of power dissipation for an ensemble of randomly oriented fluoro-
phores at a distance, z, beyond a glass:water interface to those in the absence
of an interface when excited by light polarized along the x, y, or z axes.
Relative power was calculated by Eqs. A4—A6 (see Results and Appendix).
(C) Ratio of fluorescence lifetime by TIR evanescent field excitation to
lifetime by trans (subcritical) excitation, Tf/-r?, as a function of incident
angle, 6, (where 6. is the critical angle = 60.9°). Incident light was
s-polarized (along the y axis) or p-polarized (combination of polarization
along the x and z axes, see text). 'rf/'r‘f’ was calculated from the results of Eqs.
A7-A10. 7/7? for randomly oriented dipoles was calculated from Eqs. A7
and A8 without photoselection (see Appendix). (D) Fluorescence lifetimes
(mean * SE) measured in aqueous solutions of 140 uM fluorescein at
(a) 0.5° (n = 3) and (b) 2° (n = 3) beyond the critical angle by TIR
excitation. The arrows indicate the lifetimes predicted by the theory for
randomly oriented dipoles.

face (z < 0.1 pum). Fig. 2 A thus shows that power dissipation
varies with both z position and dipole orientation relative to
the interface.

To calculate the power dissipation for an ensemble of ran-
domly oriented dipoles excited by an s- or p-plane-polarized
evanescent field, the power dissipation functions P.(z),
P,(z), and P,(z) must be modified to incorporate three ad-
ditional considerations: (a) the contribution to total power
dissipation by dipoles oriented parallel and perpendicular to
the interface, (b) the photoselection of randomly oriented
dipoles by the polarized evanescent field, and (c) the decay
of the evanescent field intensity with distance, z, from the
interface (see Appendix). The three factors can be considered
independently. (a) For a glass:water interface, where the ra-
tio of power dissipation by parallel (x, y) dipoles to that of



Bicknese et al.

perpendicular (z) dipoles is ~1, total power is described
approximately by P(z) = [PJ(z)] cos’y + [P(2) + Py(2)]
sin?y (Hellen and Axelrod, 1987), where i is the polar angle
of the emission dipole measured from the z axis. (b) The
angular density of photoselection among randomly oriented
dipoles by a polarized excitation field (| u-E,, 1) is described
by cos?  sin s for s-polarized excitation and sin? ¢ sin” ¢
cos ¢ for p-polarized excitation, where ¢y and ¢ are the polar
and azimuthal angles. (¢) The TIR evanescent field intensity,
I, is described by

1= 1y(6;)e %), 1)

where [, is the initial evanescent intensity as a function of the
incident angle, 6; (Eqs. A11-A13). The decline of intensity
in the evanescent field is thus an exponential function of the
distance, z, from the interface with characteristic penetration
depth, d, given by

d(8,) = [A\/Am](nisin’6, — n2) ™2 )

where n; and n, are the refractive indices of glass and water,
and 0, is the incident angle of the light with vacuum wave-
length A,. Considerations a, b, and ¢ are incorporated to
calculate lifetime by integration of the power, photoselec-
tion, and evanescent field functions over the angles s and ¢
and the distance variable, z, as given by

» 2 /2
N(w,0,) = f dz f do f sin s dis
0 [} 0 (33)

N pEy ! Tge W[ 1AP, (2)cos’y + [P,(2) + P,(@)]sin*Y}]?
1+ &’[14P,(z)cos’y + [P,(z) + P,(2)]sin’y}]*

% 2 w2
D(w,6,) = f dz f do f sin  dis
0 0 0

| pEe | *lye ™ NAP, z)cos’ + [P,(2) + P,(2)]sin’¢}]
1 + 0’ [1AP,(2)cos™y + [P,(z) + P,(2)lsin’P}]?

(3b)

where w is the modulation frequency for frequency-domain
lifetime measurement. N(w,6;) and D(w,8;) are used to cal-
culate phase angles {¢ = tan™'[N(w,6;)/D(®,6,)]} and modu-
lation ratios {m = [D(w,6;)* + N(v,6,)*]"*} (Weber, 1981).
The details of the calculation of N(w,6;) and D(w,8;) for pho-
toselected and randomized fluorophores are provided in the
Appendix (Egs. A4-Al4).

TIR excitation produces a distribution of fluorescence life-
times (inverse of power dissipation), because lifetimes vary
with fluorophore distance from and orientation to the inter-
face (see Fig. 2 A). Evanescent field penetration decreases
with increasing 6; (Eq. 1); therefore, the ensemble of excited
fluorophores shifts toward the interface with increasing 6;
and is subject to near-field effects (which shorten fluores-
cence lifetime). For a homogeneous distribution of fluoro-
phores excited by TIR, the term [Ioe_”d(o")] in Egs. 3a and
3b weights the contribution of each lifetime in the lifetime
distribution. For example, dipoles within 1 pm of a glass:
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water interface (n = 1.53:1.33) with random orientation at
the time of emission have relative lifetimes that vary from
0.859 to 1.006 (relative to lifetime without the interface).
Mean lifetimes of these dipoles are 0.94, 0.92, and 0.91 for
6; at 1, 5, and 10° beyond the critical angle. Standard de-
viations of these lifetime distributions are 0.04, 0.05, and
0.06, respectively.

Apparent average lifetimes, 74 0;), were determined by fit-
ting a single component model to ¢ and m values (40 values
for @ = 5-200 MHz) calculated from N(w,8;) and D{w,6;).
In Fig. 2 C, 74(6;) for TIR illumination is shown relative to
79 (fluorescence lifetime with no dielectric interface) for in-
cident angles (6;) greater than the critical angle (6.). At a
given incident angle, 6;, fluorescence lifetime is shorter for
p-polarized TIR excitation of fixed fluorophores due to its
photoselection of z-oriented dipoles with higher power dis-
sipation (see Fig. 2 A). Fluorophores that randomize their
orientation at the time of emission have 7¢(8;)/7} values be-
tween those for fixed dipoles photoselected by s- or
p-polarized excitation (see Fig. 2 C). 7¢(8;)/7} values given
in Fig. 2 C were calculated for a quantum yield, Q,, of unity.
Because near- and far-field effects do not influence nonra-
diative decay rates, lifetimes are less sensitive to the dielec-
tric interface when Q, < 1. Tf(9i)/7? is given as Q,/P,, where
P, is the ratio of radiated power dissipation for fluorophores
with and without a nearby dielectric interface (Hellen and
Axelrod, 1987).

In Fig. 2 D, lifetimes measured with TIR excitation are
slightly shorter than lifetimes measured with trans excitation.
At 2° beyond the critical angle, the difference is significant
(P < 0.05). As predicted, the higher incident angle of ex-
citation (6;) and reduced field penetration produced a greater
reduction in the lifetime.

Measurements in aqueous solution

The TIR condition was confirmed by using a thin film (10
nm) of a lipophilic carbocyanine dye (1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine  perchlorate; di-I-
C18:3) deposited on the glass coverslip (Axelrod, 1981).
Film thickness was confirmed by absorption measurement.
The dye film was in the position of the cells as shown in Fig.
1, and the solution layer between the coverslips contained 20
1M fluorescein in HBSS (titrated to pH 8.0). For subcritical
angles of incidence at the coverslip-water interface (<60.9°),
the fluorescence was predominantly that of fluorescein
(green) from the 140-pm thick fluorescein solution. For su-
percritical angles of incidence, the fluorescence was pre-
dominantly that of the carbocyanine dye (red).
Measurements were carried out on aqueous solutions of
fluorescein of known refractive index and viscosity. The ex-
perimental configuration was as shown in Fig. 1 (without the
cells) in which the fluorescein solution was maintained in the
140-pm aqueous layer. Fig. 3 shows representative phase-
modulation plots for analysis of lifetime and anisotropy de-
cay obtained for trans (prism absent) and TIR (prism present)
excitation of fluorescein in HBSS (pH 8.0) containing 0, 26,
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FIGURE 3 Lifetime and time-resolved anisotropy of fluorescein meas-
ured by TIR and trans excitation. Measurements were carried out at 6; =
62-66° using s-plane polarized light. (A) Representative experiments show-
ing phase angles, ¢ (circles) and modulation factors, M (triangles), with
single component lifetime fit. (B) Representative anisotropy measurements
showing differential phase angles, A¢ (circles) and modulation amplitude
ratios, MAR (triangles), with single rotational correlation time fit. (C) Ro-
tational correlation times (1., mean * SE, n = 15-26) for 140 uM fluo-
rescein in HBSS (titrated to pH 8.0), containing 0, 26 and 38% glycerol. 7.
measured by trans (triangles) and TIR (squares) excitation are shown as a
function of the ratio of sample to water viscosity, 1/7o. The least-squares
fitted line has a slope of 98 * 2 ps/cP.

and 38% glycerol in water. The reference solution for life-
time determination was fluorescein in 0.1 N NaOH measured
by trans excitation. Phase-modulation data for trans and TIR
excitation (Fig. 3 A) were fitted well by a single component
lifetime model. There was no difference in lifetimes for fluo-
rescein in water or in glycerol/water mixtures (but there was
a difference between lifetimes measured by trans and TIR
excitation as predicted by theory as in Fig. 2 D, see above).
Lifetimes measured by trans illumination were not different
from those measured by epi-illumination (not shown).

Fig. 3 B shows phase-modulation data for anisotropy mea-
surements made with s-polarized trans and TIR excitation.
The time-resolved anisotropy data were described well by a
single isotropic rotator model, r(f) = rye ™. Fig.3 C shows
the fitted rotational correlation times, 7., for s-polarized trans
and TIR excitation. Rotational correlation times were not
significantly different for s-polarized TIR excitation com-
pared to trans excitation (or epi-illumination, not shown).
p-polarized excitation could not be used for anisotropy decay
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measurements because the fluorescence emission was de-
polarized for the experimental geometry used here. As pre-
dicted by the Stokes-Einstein relation, 7. increased linearly
with solution viscosity. These results validate the measure-
ment of time-resolved anisotropy by an s-polarized evanes-
cent field.

Measurements in cultured celis

TIR excitation in cells was confirmed by imaging Swiss 3T3
fibroblasts and MDCK cells. Fig. 4, A and C, show Swiss 3T3
fibroblasts and MDCK cells imaged by trans excitation. The
entire cell was illuminated and the maximum fluorescence
intensity appeared at the center of the cell where cell depth
is greatest. In Fig. 4, B and D, cells were imaged with
s-polarized TIR excitation. In these experiments, 90% of flu-
orophore excitation occurs within <200 nm of the glass cov-
erslip and fluorescence intensity is greatest where the cell has
close contact with the glass substrate. The 3T3 cells show a
“footprint” that appears to coincide with their periphery,
while the MDCK cells appear to have fairly equal contact at
all points. Additional information about the contact geometry
was obtained by imaging unlabeled 3T3 fibroblasts bathed in
an aqueous solution of fluorescein-dextran (2000 kDa, 2 mg/
ml). This large dextran was excluded from the cells and the
space between the cells and the glass substrate. Fig. 4 E (trans
excitation) shows uniform strong fluorescence, because the
140-pm aqueous layer (containing fluorescein-dextran) is
much greater than the thickness of the nonfluorescent cell
(<2 pm). With TIR excitation, the depth of the evanescent
field (<200 nm) does not extend beyond the cells (Fig. 4 F),
so that fluorescence is absent in areas where the cells have
excluded fluorophore (producing “silhouette” images).

Fig. 5 shows representative phase-modulation data for
analysis of lifetime (Fig. 5 A) and anisotropy decay (Fig. 5
B) obtained for trans and TIR excitation of BCECF in cells.
Fig. 5 C shows average lifetimes, 7¢, for BCECF in aqueous
solution and in cells. No significant difference was observed
for BCECEF lifetime, T¢, with trans or TIR excitation in cells.
The slightly longer lifetime for BCECEF in cells than in aque-
ous solution may be related to differences in the intracellular
versus external environment (Chen and Scott, 1985). Anisot-
ropy analysis was performed using a model containing two
correlation times (see Methods). Fig. 5 C also shows the
shorter correlation times, 7,., corresponding to rotation of
unbound BCECF (fractional amplitude, f; = 70-85%). Cor-
relation times, T, for the remaining (and assumed bound)
fluorophores ranged from 10 to 25 ns. Rotational correlation
times obtained by trans and TIR excitation of BCECF in cells
were not significantly different, giving average fluid-phase
viscosities of 1.1 * 0.2 cP (3T3 fibroblasts) and 1.0 + 0.2
cP (MDCK cells). Therefore, fluid-phase viscosity is not dif-
ferent in bulk cytoplasm and cytoplasm very near the cell
plasma membrane.

DISCUSSION

We have validated an approach to measure fluorescence life-
time decay and time-resolved anisotropy in an evanescent
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FIGURE 4 Photomicrographs of Swiss 3T3
fibroblasts and MDCK cells with trans (left) and
TIR (right) excitation. Swiss 3T3 fibroblasts (A
and B) and MDCK cells (C and D) were incubated
with 10 uM BCECF-AM for 10 min at 37°C and
then washed. Trans illumination (left) shows re-
gions of greatest cell thickness, whereas TIR illu-
mination (right) shows regions of closest contact
between the cell and coverslip. Swiss 3T3 fibro-
blasts (E and F) were imaged after immersion in
HBSS (pH 8.0) containing fluorescein-dextran
(2000 kDa, 2 mg/mli). Trans excitation (E) pro-
duced evenly distributed fluorescence across the
entire visual field, whereas TIR excitation (F) re-
vealed dark areas where the fluorophore was ex-
cluded by the overlying cells.

field at a glass-aqueous interface by frequency-domain mi-
crofluorimetry. Fluid-phase viscosity within <200 nm of the
plasma membrane in Swiss 3T3 fibroblasts and MDCK cells
was found to be essentially the same as that in bulk cytoplasm
and very close to that of water. TIR fluorescence spectros-
copy provides a unique method to probe the properties of
membrane-associated and aqueous-phase components adja-
cent to a cell plasma membrane. The ability to control the
penetration depth from the interface of evanescent field ex-
citation makes this method uniquely suited for the study of
cell structures and properties that vary with distance from the
substrate on which they are grown.

The limited penetration and defined polarization of TIR
fluorescence excitation has been used to study a number of
phenomena, including binding of fluorophores to a surface,
and orientation mobility of fluorophores in thin films. Hlady
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(1991) exploited the shallow penetration of TIR illumination
to image the binding of fluorescein isocyanate (FITC)-1gG
at interfaces having different hybrophobicities. Leibman et
al. (1991) used two simultaneous TIR beams at different
incident angles (giving different penetration depths) to obtain
real-time dynamic measurements of IgG binding to plas-
minogen activator protein immobilized at an interface. Bind-
ing kinetics were derived from the rate of change in fluo-
rescence intensity, and the distance of bound fluorophores
from the interface was calculated from the ratio of fluores-
cence intensities produced by the two beams. Fluorescence
recovery after photobleaching (FRAP) by TIR illumination
allows investigation of translational and rotational mobility
of molecules that interact with surfaces. Tilton et al. (1990)
used TIR to investigate the translational mobility of BSA
adsorbed onto a poly(methylmethacrylate) surface. Timbs
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FIGURE 5 Lifetime and time-resolved anisotropy measured by trans and
TIR excitation of BCECF in 3T3 fibroblasts and MDCK cells. Cells were
grown for 2—4 days, incubated in 10 pM BCECF-AM for 10 min at 37°C,
and washed four times with HBSS. Washed cells were bathed in a 140-pm
layer of HBSS and placed in the instrument shown schematically in Fig. 1.
(A) Representative experiments showing phase angles, ¢ (circles) and
modulation factors, M (triangles), with single component lifetime fit. (B)
Representative anisotropy measurements showing differential phase angles,
Ad¢ (circles) and modulation amplitude ratios, MAR (triangles), with a
two-component rotational correlation time fit (see Methods). (C) Fluores-
cence lifetimes (¢, mean * SE, n = 2-6), and rotational correlation times
(71 mean * SE, n = 16-34) for BCECF by trans and TIR excitation.

and Thompson (1990) measured the rotational mobility of
antibodies and lipids in a phospholipid monolayer at the TIR
interface by TIR-polarized photobleaching recovery. Photo-
selection by the polarized evanescent field has been used to
investigate the orientation of fluorophores near the TIR in-
terface. Thompson et al. (1984) determined the orientational
distribution of labeled phospholipids in a lipid monolayer
deposited at the TIR interface by TIR polarization.
Time-resolved fluorimetry has been used extensively for
measurement of fluorescence lifetimes in bulk solution, and
more recently in single cells by epifluorescence microscopy
(Verkman, 1991). TIR excitation makes possible the mea-
surement of time-resolved fluorescence of fluorophores near
a TIR interface. Masuhara et al. (1986) made time-domain
lifetime measurements of POPOP and N-ethycarbazole in
thin polystyrene films at a TIR interface. Possible experi-
mental difficulties were investigated, including changes in
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polarization in the evanescent field because of birefringence
of the TIR optics (sapphire prism), and changes in the re-
fractive index in the sample layers containing fluorophores.
Fluorophore lifetimes were obtained and the fractional con-
tribution of each lifetime provided a measure of the relative
concentration of each fluorophore. Suci and Hlady (1990)
used TIR illumination to obtain time-resolved phase-
modulation measurements of Texas-Red-labeled bovine se-
rum albumin in solution and adsorbed at a TIR interface.
Differences in fluorescence lifetime components were re-
ported for fluorophores in bulk solution and adsorbed states,
despite high values (>>1) of x? which indicate some diffi-
culties in modeling the data. A longer lifetime (~4.2 ns) was
reported as the major component for fluorophores in the bulk
solution, whereas a shorter lifetime (~0.6 ns) was reported
as the major component for fluorophores in the adsorbed
state. This difference was attributed to quenching effects oc-
curring with adsorption. The “near-field” effect described
above (see Results) was not considered, but may be an im-
portant factor responsible for the decreased fluorescence life-
times measured for the adsorbed fluorophore. Time-resolved
anisotropy has not been measured previously by evanescent
field excitation.

The utility of TIR fluorimetry for the investigation of the
properties of plasma membranes in living cells was proposed
by Axelrod (1981). It was shown that cell-substrate contact
and structure in submembrane cytoplasm could be studied
without exciting fluorescence deeper in the cytoplasm. TIR
has been used subsequently in studies of the morphology of
the attachment points (and aqueous gaps) of cells adherent
to a glass surface (Gingell et al., 1985). In fibroblasts cultured
on glass, it was estimated that the gap between the glass and
cell surface was 50-100 nm in areas of “close contact,” and
~10 nm in areas of “focal contact” (Lanni et al., 1985). It
was shown that a small volume marker (FITC-dextran, 4
kDa) could intercalate in the contact regions, whereas a large
volume marker (FITC-dextran, 157 kDa) could not, provid-
ing an upper estimate of 150 nm for the gap between the cell
and glass surface (Gingell et al., 1985). It is clear from these
studies that the optical model for the cell-substrate interface
must consist of serial layers with different thicknesses and
refractive indices. In addition, the aqueous gap between the
cell membrane and substrate reduces the penetration of the
evanescent field beyond the membrane and into the cell. The
viscosities measured here include cytoplasm within <200
nm beneath the membrane at maximum, and may include
only ~50 nm of cell cytoplasm just below the membrane
with large aqueous gaps reported by Gingell et al. (1985).

The multilayer model appropriate for quantitative appli-
cations of evanescent field-excited fluorescence near the cell
membrane consists of four layers (Reichert and Truskey,
1980; Lanni et al., 1985; Gingell et al., 1987): the thick glass
substrate of refractive index n, = 1.53 (layer 1), the culture
medium of refractive index n, ~1.33 of 10-100-nm thick-
ness (layer 2), the plasma membrane of refractive index n5
~1.40 of 4-nm thickness (layer 3), and the cytoplasm of
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index ny ~1.37 of 1-10 pwm thickness (layer 4). The pos-
sibility exists for the generation of a propagating wave
confined to the cell plasma membrane (eventually scat-
tered out if not absorbed) at incident angles between sin™-
(n4/n)) = 63.6° and sin"'(n3/n)) = 66.2°. This complica-
tion was avoided by performing all cell TIR experiments at
angles > 66.2° to ensure the production of an evanescent
field in all layers including the cell cytoplasm. Under these
conditions, the cytoplasmic layer can be treated as infi-
nitely thick compared to the penetration of the evanescent
field. Penetration of the evanescent field into the cell cyto-
plasm is slightly increased by the higher refractive index
of the interposed membrane layer (ny; = 1.4), but the
change is insignificant because of the very small thickness
of the membrane.

Because absorption probabilities are identical for eva-
nescent field photons and photons of normally propagating
plane waves (Carniglia et al., 1972), evanescent field exci-
tation is suitable for many fluorescence techniques. How-
ever, there are some specific concerns for time-resolved
measurements made by evanescent field excitation.
p-Polarized incident light (see Appendix figure) produces
an evanescent field that is elliptically polarized with a po-
larization vector that “cartwheels” along its direction of
propagation (Axelrod et al., 1984; Axelrod, 1989). There-
fore, time-resolved anisotropy measurements require care-
ful alignment of the incident beam to give s polarization,
producing linear s polarization in the evanescent field. Ma-
terials used in the prisms and coverslips must be free of bi-
refringence that would alter the polarization of the evanes-
cent field. Another concern is that the fluorescence lifetime
of a fluorophore near a dielectric interface is different than
that far from an interface. As described in the Results and
Appendix, this complex phenomenon depends on fluoro-
phore orientation, excitation polarization, and evanescent
field penetration depth. For a fluorophore with quantum
yield of unity, the theory predicts a maximum ~10% de-
crease in fluorescence lifetime for fluorophores in an aque-
ous environment very near a glass interface (see Fig. 2 C).
Interestingly, we found that lifetimes of BCECF in cells
were not measurably affected by TIR excitation, unlike
those measured in aqueous solutions (see Fig. 5 C). One
possible explanation is that fluorophores in the aqueous
compartment of cell cytosol cannot approach the dielectric
interface closer than the ~4-nm width of the plasma mem-
brane and may be kept much farther away (~50-100 nm)
by membrane-associated macromolecules and the aqueous
space between the cell plasma membrane and the glass
substrate (Lanni et al., 1985) (see Fig. 4). Only those flu-
orophores that are very close (z < 100 nm) to the interface
have significantly increased power dissipation that reduces
observed fluorescence lifetime (see Fig 2 B). Fluorophore
interactions with cytoplasmic components are more likely
to produce significant changes in fluorescence lifetime
than is proximity to the dielectric interface (Chen and
Scott, 1985); thus, changes in fluorescence lifetime associ-
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ated with evanescent field excitation should not be a
serious concern for time-resolved TIR measurements in
cells.

The principal biological conclusion of this study is that
fluid-phase viscosity in cytoplasm adjacent to the plasma
membrane is similar to that of water, and not different
from that of bulk cytoplasm. This result does not support
the proposal that membrane-adjacent cytoplasm contains
significant amounts of “organized water” or “gel-like cyto-
plasm” resulting from adjacent membrane lipids and pro-
teins, and cytoplasmic skeletal proteins. Assuming an aver-
age gap of 25 nm between the coverslip and the cell
membrane, a bilayer thickness of 4 nm, and an exponential
distance constant (d, Eq. 2) of 80 nm for a glass-aqueous
interface, the viscosity information was obtained in this
study at an average distance of 50 nm from the inner bi-
layer surface. If a region of membrane-adjacent cytoplasm
had much higher viscosity (e.g., 10 cP), then the statistical
confidence of our results would suggest that the thickness
of this viscous layer should be <4 nm, equivalent to a
layer of ~12 water molecules. It must be recognized that it
is not possible to probe solute-excluded volumes by the
fluorescence methods described here; however, the relative
uniformity of TIR emission suggests that little if any such
volumes are present. A detailed analysis of the distribution
of fluorophores in the evanescent field will require decon-
volution of images obtained at a series of illumination
angles (equivalent to a series of d values) (Thompson and
Burghardt, 1986).

The determination of fluid-phase viscosity in membrane-
adjacent cytoplasm is an important initial step is defining the
factors that hinder diffusion of small and large solutes. Kao
et al. (1993) reported that translational diffusion of a small
polar solute in bulk cytosol was three to four times slower
than that in water, and modeled the hindrance to diffusion in
term of three independent factors: increased fluid-phase vis-
cosity, solute binding to intracellular structures, and solute
collisions with intracellular structures. A similar approach
should apply to the analysis of solute translation in
membrane-adjacent cytoplasm, with the added complexities
that diffusion may be anisotropic because of extended skel-
etal structures, and may vary with distance from the bilayer.
In addition, the presence of skeletal attachments may impede
the motion of larger solutes (by sieving) to a greater extent
near the membrane than in bulk cytoplasm. Analysis of these
factors will require microsecond photobleaching measure-
ments using TIR illumination.

APPENDIX

The purpose of this appendix is to calculate the effect of a dielectric interface
on the lifetime of fluorophores near the interface as modeled by a constant-
amplitude dipole. Excitation and power dissipation of dipoles is dependent
upon their orientation relative to the polarization vector of the evanescent
field and glass-aqueous TIR interface, as well as the distance from the
interface. Fig. 6 shows the optics geometry, where the s- or p-polarized beam
impinges on the glass-aqueous interface with incident angle, 6;. Total in-
ternal reflection produces an evanescent field in the aqueous environment
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with s polarization (electric vector parallel to the y axis) or p polarization
(electric vector having components along the x and z axes). The polar and
azimuthal angles between the emission dipole and z axis are ¢ and ¢, re-
spectively.

Eqs. A1-A3 give the total dissipated power, P,(z), P,(z), and P,(z), for
an excited dipole with orientation along the x, y, or z axes (Hellen and
Axelrod, 1987). Here z is the dipole distance from the interface, v is the sine
of the incident angle of emitted plane wave with the glass-aqueous interface,
k, is the magnitude of the wave vector for the emitted light, €; is the dielectric
constant of the dipole environment, r* and r? are Fresnel reflection coef-
ficients of the glass:water interface for s- and p-polarized plane waves, and
w is the transition dipole moment. k;, €;, and p were taken as unity for
calculation of relative power dissipation. The Fresnel coefficients are func-
tions of the incident angle of the plane wave with the interface (Hellen and

Axelrod, 1987).
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Equations A1-A3 were integrated numerically over the interval v = 0 to
infinity. The integration was performed numerically in intervals (0 to 1, 1
to ny/ny, and/or ny/n; to infinity), where the integrand is entirely real. Fig.
2 A shows results of a series of integrations for specified values of z = 0
to 3 um.

In an ensemble of randomly oriented and distributed dipoles near a di-
electric interface, each dipole will have a lifetime that depends upon its
distance from the interface and its orientation with respect to the interface.
Lifetimes for all orientations and distances must be included in a rigorous
calculation of the single apparent lifetime observed for this distribution. To
simplify this cumbersome calculation, average power dissipation (inverse
of lifetime) was calculated with photoselection for all dipole orientations at
each distance, z, from the interface (Eqs. A4—A6). Average power dissipation
was then used to calculate phase angles and modulation ratios over z (Eqgs.
A7-A10). The rationale for this approximation is that polarized TIR illu-
mination preferentially excites certain dipole orientations (photoselection),
thus reducing the variance of the lifetime distribution at each z. Average
relative power dissipation at z from randomly oriented dipoles excited by
TIR illumination was approximated by

w2 2
(P.(2)) = f do f dy[P,(z) sin*y cos’ sin ¢
1} 0
+ P,(2) sin*y cos?d sin ¢ + P,(z)coszdl siny cos?¢ sin ¢] (Ad)
w2 2
(P,2) = f dé f dyi [P, (z)sin*ys sin’ cos ¢
1] 0

+ Py(z)sin4ll/ cos’d sin ¢ + Pz(z)coszw sin®¢ cos ¢] (A5)
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FIGURE 6 (Appendix) Definition of axes. The bottom surface of the
glass-dielectric defines the x, y plane with positive 2 as the normal projecting
into the aqueous region containing fluorophores. The incident plane is de-
fined by the incident beam and the normal to the dielectric-aqueous inter-
face. Trans and TIR evanescent field excitation are polarized perpendicular
to the incident plane (s-polarized) with the electric vector along the y axis
or polarized parallel to the incident plane (p-polarized) with an electric
vector having x and z components. The angle of the incident beam is 6;, and
the orientation of a fluorophore is defined by the polar angle, ¢, and azi-
muthal angle, ¢. See Appendix for details.

w2 2
(P.(2)) = f de f di [P, (z)cos™y sin’¢
1} 0

+ Py(z)cosztp sin’ + P,(z)cos*Ysin ¢] (A6)

which combine functions for power dissipation from parallel (P,(z) sin?ys

and P,(z) sin®y) and perpendicular (P(z) cos?y) dipoles with photoselec-

tion (| u-Ex 1) by x, y, and z polarized excitation (see Results). These ex-

pressions were numerically integrated over ¢ and i for specified values of

z. Fig. 2 B shows results of a series of integrations for z = 0 to 3 pum.
N(w,6;) and D(w,0;) were calculated by
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for p-polarized excitation. Initial intensity, /o, of the x, y, and z polarized
components of the evanescent ficld is given by,

4 cos?6, (sin’6;, — n?)

Iy =1J All
% 7P p* cos?6, + sin®6, — n’ (AlD)
4 coszei
10, = s 1-n? (A12)
I =7 4 cos’6; sin’6; (A13)
% 7P p* cos26, + sin®6, — n?

where J; and J,, are the intensities of the incident s- and p-polarized light,
and n (0.87) is the ratio of the refractive indices of the dielectric glass and
aqueous medium (Axelrod, 1989). Equations A7-A10 were numerically
integrated over z = 0-3 pm for 40 modulation frequencies (w = 5-200
MHz). When the rotational correlation time is much shorter than the fluo-
rescence lifetime, fluorophores photoselected by s- or p-polarized excitation
will have randomized their orientation at the time of emission. Average
power dissipation for randomized dipoles was calculated by integration of
power dissipation for parallel and perpendicular dipoles without photos-
election (| u-E.4|) at specified values of z as given by

/2 w2
P.@2) = f f sin Y Ay [[P,(z) + P,(z)Isin’y + P,(z)cos’y]
’ ’ (A14)

(P(z)) was substituted for (P,(z)) in Eqs. A7 and A8 to calculate N(w,8;)
and D(w,6;). Phase angles and modulation ratios for frequency-domain fluo-
rimetry measurements were calculated for values of w as a function of 6;
(see text).
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